Introduction {#Sec1}
============

Anemia is a common complication of chronic kidney disease (CKD) in adult and pediatric patients; the prevalence in the latter group, as estimated from the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS), was 73% at CKD stage III, 87% at stage IV, and \>93% at stage V \[[@CR1]\]. The presence of anemia in pediatric patients with CKD is associated with decreased quality of life (QoL), reduced neurocognitive ability, left ventricular hypertrophy, increased risk of hospitalizations, an independent predictor of mortality \[[@CR2]--[@CR7]\].

Current management of anemia in CKD primarily consists of an injectable erythropoiesis-stimulating agent (ESA), administered intravenously (IV) or subcutaneously (SC), and adjuvant iron therapy orally or IV. We use the term ESA to encompass short-acting recombinant human erythropoietin (rhEPO; epoetin), medium-acting darbepoetin alfa, and long-acting epoetin beta pegol. Suboptimal response to treatment makes pediatric CKD patients vulnerable to requiring blood transfusions, which may adversely affect future transplantation through allosensitization, increase waiting time to transplant, and increase the risk of graft failure after transplant. Pediatric CKD patients are reported to be at higher risk of allosensitization than adults, and that risk increases because they are likely to have subsequent transplants in their lifetime \[[@CR8], [@CR9]\].

Despite the availability of ESAs, anemia in pediatric patients remains highly prevalent. Borzych-Duzalka et al., in a pediatric observational study of 1394 peritoneal dialysis (PD) patients, found that 92% were prescribed ESAs, but that 25% of patients had still had hemoglobin (Hb) levels below target (\<10 or \<9.5 g/dl in children older or younger than 2 years, respectively) \[[@CR10]\]. Although ESAs are effective in most patients, a large proportion remain hyporesponsive, which in most centers leads to the escalation of ESA dose \[[@CR11]\]. Predictors of hyporesponsiveness include secondary hyperparathyroidism, malnutrition--inflammation complex, and iron deficiency \[[@CR12]\]. Furthermore, pediatric studies have shown that a higher ESA dose is independently associated with an increased risk of mortality in patients on dialysis \[[@CR10], [@CR13]\]. In addition, a meta-regression analysis of 31 randomized controlled trials of ESA use in adults found that a higher ESA dose was associated with an increased risk of all-cause mortality, hypertension, stroke, and thrombotic events independent of Hb level \[[@CR14]\]. Apart from ESA safety concerns, recombinant ESAs are costly, and although concomitant iron supplementation may be cost-effective in reducing ESA doses, exogenous iron supplementation is not without its own problems and has been associated with an increased risk of hypersensitivity reactions, infections, and cardiovascular events \[[@CR15]--[@CR18]\].

The normal Hb range in the pediatric population varies by age, gender, and race. Furthermore, the Kidney Disease: Improving Global Outcomes (KDIGO) 2012 guidelines suggest starting an ESA on an individual basis, taking into consideration the impact on school attendance and performance, neurocognitive development, and exercise capacity \[[@CR19], [@CR20]\]. The current suggested target Hb range for pediatric CKD stage 5 on an ESA by KDIGO is 11--12 g/dl. The UK National Institute for Health and Care Excellence (NICE) differs slightly, recommending a target Hb for a patient on an ESA of 10--12 g/dl (age \> 2) and 9.5--11.5 g/dl (age \< 2), respectively \[[@CR21]\]. Although there are observational studies that suggest avoiding an Hb \<11, the upper limit of the Hb target by ESAs is debated and is informed by adult trials \[[@CR22], [@CR23]\].

Concerns about ESA therapy, which include increased risk of stroke, venous thromboembolism, and cancer-related mortality, have led to a search for alternative treatment options. With the unfortunate failure and voluntary recall of peginesatide, a peptide-based ESA, the next treatment on the horizon is a class of drugs known as the hypoxia inducible factor (HIF) stabilizers \[[@CR24]\]. HIF is the major transcription factor for the*EPO* gene and represent a novel therapeutic approach to the treatment of anemia in CKD, which mimics the natural hypoxic response, by inhibiting prolyl-hydroxylase (PHD) enzymes. The consequent normoxic stabilization of HIF alpha leads to downstream pleiotropic effects, which in the pathological context of CKD promise to enhance erythropoiesis via an increase in endogenous EPO production and improved iron utilization.

In this review, we briefly discuss the pathophysiology of renal anemia then focus on the HIF pathway and its potential mechanistic role in enhancing erythropoiesis. We also discuss HIF stabilizers in development and the clinical implications of these drugs for pediatric CKD patients.

Pathophysiology of renal anemia {#Sec2}
===============================

The pathogenesis of renal anemia is multifactorial, although the predominant cause is a relative deficiency of EPO. Most EPO is produced by the kidneys within peritubular interstitial fibroblast-like cells and to a lesser extent by the liver and other extrarenal sites \[[@CR25]\]. The production of EPO responds to tissue hypoxia, which stimulates EPO to maintain oxygen homeostasis through its ability to repress apoptosis, stimulate differentiation and proliferation of erythroid progenitors, and boost erythropoiesis and oxygen carrying capacity. Furthermore, in one model of CKD, it was seen that renal EPO-producing cells (REPs) contribute to the final common pathway of fibrosis through transforming into collagen-producing myofibroblasts, thereby losing their EPO-producing capacity \[[@CR26]\]. In the later stages of CKD, patients have inappropriately low EPO levels for their degree of anemia, which cannot be overcome by extrarenal EPO synthesis \[[@CR27]\].

The second major cause of renal anemia is iron deficiency, limiting erythropoiesis at the iron-dependent stage of Hb synthesis. Iron deficiency may be secondary to depleted iron stores (absolute iron deficiency) or impaired release of iron from body iron stores for use in erythropoiesis (functional iron deficiency). A combination of both absolute and functional iron deficiency may also be present. Most iron in the body is contained within Hb in circulating erythrocytes, and the iron requirements of erythropoiesis are largely supplied by the recycling of senescent erythrocytes from macrophages in the reticuloendothelial system and bone marrow. Dietary iron intake compensates for gastrointestinal losses of iron caused by mucosal sloughing of the order of 1--2 mg per day. Iron homeostasis is regulated by hepcidin, a peptide hormone produced by the liver, and hepcidin activity is upregulated in patients with chronic inflammation, such as occurs in CKD. This exacerbates the anemia by limiting iron availability to the bone marrow \[[@CR28]\].

HIF pathway {#Sec3}
===========

The hypoxia-inducible signaling factor pathway facilitates physiological adaptation to hypoxia at a cellular level by altering gene expression. HIFs are heterodimeric transcription factors formed by the binding of α (three isoforms HIF-1α, -2α and -3α) and β subunits. The β subunit is constitutively expressed, whereas the α subunit is regulated post-translationally in an oxygen-dependent manner through the action of PHD (1, 2, and 3) enzymes. PHDs are Fe(II)- and 2-oxoglutarate-dependent dioxygenases that, under normoxic conditions, use 2-oxoglutarate (OG) as a substrate for hydroxylation of specific proline residues within HIF-α subunits. Hydroxylated HIF-α binds to tumor suppressor protein von Hippel-Lindau (p-VHL), which targets it for polyubiquitination and proteasomal degradation \[[@CR29]\]. In contrast, under hypoxic conditions or through the pharmacological action of an HIF stabilizer (OG competitor), PHDs are inhibited and HIF-α is no longer degraded, allowing it to dimerize with the β subunit and bind to the hypoxia response elements (HREs) in \>100 genes, including EPO and genes involved in iron homeostasis (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR30], [@CR31]\].Fig. 1Regulation of hypoxia inducible factor (HIF) activity.*HIF-PH* hypoxia inducible factor prolyl-hydroxylase,*HIF-α* hypoxia inducible factor alpha,*HIF-β* hypoxia inducible factor beta,*HRE* hypoxia response element,*O*~*2*~ oxygen,*OH* hydroxyl group,*VHL* von Hippel-Lindau,*EPO* erythropoietin gene

HIF and EPO {#Sec4}
-----------

In vivo knockout studies have identified HIF-2α as the primary regulator of hypoxic EPO induction in both the kidney and liver. However, the role of oxygen sensor PHDs differs between both organs in EPO production, as renal interstitial cells predominantly use PHD2 and hepatocytes use all three PHD isoforms equally for degrading HIF-2α \[[@CR32]\]. In the kidney, peritubular interstitial cells respond to a change in tissue oxygenation by turning either on or off, corresponding to their ability to produce EPO (on-REPs and off-REPs, respectively). During normoxia, there may be a greater proportion of off-REPs: however, depending on the degree of hypoxia, there is an increase in EPO production due to a greater proportion of on-REPs rather than a change in EPO expression level in each REP \[[@CR26], [@CR33], [@CR34]\].

HIF and iron homeostasis {#Sec5}
------------------------

The HIF pathway also regulates iron homeostasis to meet the iron demands of erythropoiesis via direct and indirect mechanisms. Directly, the activation of HIF-2 in the small intestine binds to the HREs of apical iron absorption genes, duodenal cytochrome b (*DCYTB*), and divalent metal transporter-1 (*DMT1*). Subsequent translation of *DCYTB* and *DMT1* allows dietary iron (Fe^3+^) to be reduced to ferrous iron (Fe^2+^) and imported into the enterocyte. This critical process is impaired in intestinal HIF-2α knockout mice during acute anemia, resulting in inadequate erythropoiesis compared with wild-type mice \[[@CR35]\]. In addition, HIF-2 acutely upregulates ferroportin during iron deficiency in the small intestine, thereby increasing the capacity of basal iron export \[[@CR36]\]. In contrast, HIF-1 has been shown in vitro to directly upregulate transferrin, ceruloplasmin, and transferrin receptor genes, which would function to increase iron transport and utilization \[[@CR37]--[@CR39]\].

Indirectly, the induction of EPO by HIF-2α leads to erythropoiesis-mediated suppression of hepcidin levels \[[@CR40]\]. During erythropoiesis, erythroblasts produce erythroferrone (ERFE), a hormone that acts directly on the liver to downregulate *HAMP* transcription, inhibiting hepcidin production, and thereby increasing iron availability for efficient erythrocyte synthesis \[[@CR41]\].

HIF stabilizers in the pipeline {#Sec6}
===============================

The first HIF stabilizer to reach a phase I trial was Fibrogen's FG-2216. In a proof-of-concept study, orally bioavailable FG-2216 was shown to stimulate endogenous EPO production when given to 12 hemodialysis (HD) patients, six of whom were anephric and six healthy participants. FG-2216 increased plasma EPO levels by 30.8-fold in HD patients, 14.5-fold in anephric patients, and 12.7-fold in healthy volunteers \[[@CR30]\]. However, during a phase II trial of FG-2216, a patient developed fulminant hepatitis and died, which suspended development of the drug due to safety concerns \[[@CR42]\]. Despite approval of the US Food and Drug Administration (FDA) for phase II trials to continue, further development of FG-2216 by Fibrogen was voluntarily discontinued \[[@CR43], [@CR44]\], and the company focused on another molecule under development: FG--4592, now called roxadustat. Several pharmaceutical companies are developing orally bioavailable HIF stabilizers, which have either started phase III studies or are waiting to do so (Table [1](#Tab1){ref-type="table"}).Table 1Phase III trials of hypoxia inducible factor (HIF) stabilizersDrugCompanyNCT referenceStudy populationNo.Active comparator(s) drugOutcomes\*DurationStatusStart date; estimated completion dateRoxadustat\
FG-4592\
ASP1517FibroGen\
Astellas\
AstraZeneca02021318 (Dolomites)NDD-CKD*n* = 570Darbepoetin alfa**Hb response**\
Use of rescue therapy\
BP parameters\
Hospitalizations\
Lipid/Iron/HbA1c/glucose parameters\
Kidney function\
IV Iron requirements\
QOL\
Safety profile24 weeks- Up to 108 weeksRecruiting03/2014--04/202002273726HD/PD*n* = 820Epoetin alfa**Mean Hb change from baseline**\
BP parameters\
Lipid parameters\
IV Iron requirements\
QOL52 weeksRecruiting12/2014--03/201802174731Incident and stable HD/PD*n* = 2100Epoetin alfa**MACE**\
Time to rescue therapy\
Hb parameters\
All-cause mortality\
QOL\
Safety profileevent-driven, anticipate 1--2 yearsRecruiting07/2014--04/201801887600 (ALPS)NDD-CKD*n* = 597Placebo**Mean Hb change from baseline**\
**Hb response**\
Use of rescue therapy\
BP parameters\
Lipid parameters\
Hospitalizations\
Iron/HbA1c/glucose parameters\
Kidney function\
QOL\
Safety profile52 weeks- Up to 108 weeksActive, not recruiting09/2013--11/201702174627NDD-CKD*n* = 2700Placebo**MACE**\
Hb parameters\
Kidney function\
QOL\
Time to rescue therapy\
All-cause mortality\
Safety profileEvent-driven, anticipate 1--2 yearsActive, not recruiting06/2014--03/201802278341 (Pyrenees)HD/HDF/PD*n* = 838Darbepoetin alfa Epoetin alfa**Mean Hb change from baseline**\
BP parameters\
Lipid parameters\
IV Iron requirements\
QOL28 to 52 weeksActive, not recruiting11/2014--07/201802052310Incident HD/PD*n* = 900Epoetin alfa**Mean Hb change from baseline**\
BP parameters\
Lipid parameters\
IV Iron requirements52 weeks and maximum of up to 3 yearsRecruiting12/2013--03/201801750190NDD-CKD*n* = 900Placebo**Hb response and maintenance**\
BP parameters\
Lipid parameters\
QOL\
Use of rescue therapy\
Safety profile52 weeksRecruiting11/2012--03/201802988973NDD-CKD*n* = 325Darbepoetin alfa**Mean Hb change from baseline**\
QOL\
Safety profile (including ophthalmological examination)24- up to 52 weeksRecruiting01/2017--11/201802780726PD (\>4 weeks)*n* = 56N/A**Hb response rate**\
QOL\
Safety profile24 weeksActive, not recruiting06/2016--09/201702964936NDD-CKD*n* = 100N/A**Hb response rate**\
QOL\
Safety profile24 weeksRecruiting01/2017--05/201802952092HD*n* = 300Darbepoetin alfa**Mean Hb change from baseline**\
QOL\
Safety profile (including ophthalmological examination)24 weeksRecruiting11/2016--06/201801630889 (Phase II/III)NDD-CKD and DD-CKD*n* = 50N/A**Long-term efficacy and safety in maintenance of Hb**Up to 5 yearsEnrolling by invitation05/2012--12/2018Vadadustat\
AKB-6548Akebia Therapeutics02648347\
PRO~2~TECT-CORRECTIONNDD-CKD*n* = 1000Darbepoetin alfa**Hb change from baseline**\
**MACE**\
Safety profile52 weeks--min 1 year (event driven)Recruiting12/2015--11/201802865850\
INNO~2~VATE -- CORRECTIONIncident HD/PD*n* = 400Darbepoetin alfa**Hb change from baseline**\
**MACE**\
Safety Profile52 weeks--min 1 year (event driven)Recruiting07/2016--09/201902680574\
PRO~2~TECT-CONVERSIONNDD-CKD*n* = 2100Darbepoetin alfa**Hb change from baseline**\
**MACE**\
Safety profile52 weeks--min 1 year (event driven)Recruiting02/2016--11/201802892149\
INNO~2~VATE-CONVERSIONHD/PD*n* = 2200Darbepoetin alfa**Hb change from baseline**\
**MACE**\
Safety profile52 weeks--min 1 year (event driven)Recruiting08/2016--09/2019Daprodustat\
GSK1278863GlaxosmithKline03029208Incident HD/PD*n* = 300Darbepoetin alfa**Mean Hb change from baseline during study period**\
IV Iron requirement\
BP parameters\
Time to rescue therapy\
QOL52 weeksRecruiting5/2017--11/201902791763NDD-CKD/PD*n* = 320Epoetin beta pegol**Mean Hb during study period**\
Hb parameters\
Iron parameters52 weeksRecruiting6/2016--6/201802969655HD*n* = 270Darbepoetin alfa\
Placebo**Mean Hb during study period**\
Hb parameters52 weeksActive, not recruiting11/2016--07/201802879305 (ASCEND-D)HD/PD*n* = 3000Epoetin alfa\
Darbepoetin alfa**Hb change from baseline**\
**MACE**\
IV Iron requirement\
Hospitalizations\
BP parameters\
QOL52 weeks- up to 3.3 years (event driven)Recruiting6/2014--04/202002876835 (ASCEND-ND)NDD-CKD*n* = 4500Darbepoetin alfa**Hb change from baseline**\
**MACE**\
Hospitalizations\
BP parameters\
QOL52 weeks-up to 4.1 years (event driven)Recruiting09/2016--01/2021Molidustat\
BAY85--3934Bayer PharmaceuticalsPhase III trials not announcedPrimary outcome(s) in bold*CKD* chronic kidney disease,*Hb* hemoglobin,*HD* hemodialysis,*IV* intravenous,*MACE*major adverse cardiovascular event,*NDD-CKD* non-dialysis-dependent CKD stage 3 or 4 *QOL* quality of life,*PD* peritoneal dialysis

Roxadustat (FG-4592/ASP1517) {#Sec7}
----------------------------

Roxadustat, also known as FG-4592 and ASP1517, is a second-generation HIF stabilizer being developed by FibroGen, Astellas, and AstraZeneca. The orally available compound chemically resembles FG-2216 but has the addition of a phenoxy group in its quinolone core. Six phase II studies have been published: three in non-dialysis-dependent (NDD)-CKD participants and three in dialysis-dependent (DD)-CKD participants.

In a single-blind, placebo-controlled study, 117 NDD-CKD stage 3 or 4 patients were randomized to receive four escalating doses (0.7, 1.0, 1.5, 2.0 mg/kg) of roxadustat either twice or thrice weekly over 28 days \[[@CR45]\]. The study found that roxadustat increased Hb from baseline in a dose-dependent manner. The median time to increase Hb ≥1 g/dl was shorter in the 1.5 and 2 mg/kg thrice-weekly cohorts compared with the equivalent twice-weekly cohorts. Following oral administration of 1 mg/kg roxadustat twice weekly, endogenous EPO (eEPO) levels began to rise after 4 h, peaked at \~10 h, and returned to baseline within 24--48 h. In contrast to exogenous recombinant EPO administration, peak eEPO levels with roxadustat were within the physiological range seen in acute bleeding, and the 48-h time-averaged concentration was comparable with that of high-altitude acclimation \[[@CR46], [@CR47]\].

In a subsequent phase IIa open label study, various roxadustat dose regimens were evaluated for 16 and 24 weeks in NDD-CKD participants (*n* = 145). The mean baseline Hb was 9.7 g/dl. Despite only 52.4% participants being iron replete \[ferritin \>100 ng/ml and transferrin (TSAT) \>20%\] and the absence of IV iron administration, roxadustat corrected and maintained Hb levels ≥11.0 g/dl in most patients. During the first 16 weeks, reticulocyte Hb content was maintained, while hepcidin levels decreased. TSAT and ferritin levels declined during the initial weeks of treatment with roxadustat but then subsequently stabilized \[[@CR48]\].

In an open-label, phase IIb study, ESA-naïve incident PD and HD participants (total*n* = 60) with severe anemia (mean Hb 8.3 g/dl at baseline) were randomized to receive no iron, oral iron, or IV iron while being treated with roxadustat for 12 weeks \[[@CR49]\]. Most participants were iron deficient, with a mean TSAT of 18.8% and a mean ferritin of 159 ng/ml at baseline. Roxadustat increased Hb ≥2 g/dl within 7 weeks of treatment. In addition, the Hb response was independent of baseline Hb level, iron repletion status, inflammatory status \[C-reactive protein (CRP)\], and dialysis modality. A greater Hb response was seen in the iron groups compared with the arm receiving no iron. However, interestingly, and in contrast to previous randomized controlled trials of iron administered IV or orally with recombinant EPO therapy, Hb response was similar regardless of administration route. Serum hepcidin levels were measured as an exploratory endpoint; at 4 weeks they had decreased significantly, with the greatest and lowest reductions seen in the no iron and IV iron supplementation dialysis arms, respectively.

Finally, in an open-label, phase II study, HD participants (*n* = 144) with Hb levels previously maintained (mean Hb ≥11 g/dl) by epoetin alfa were randomized (3:1) to receive roxadustat or continue epoetin alfa \[[@CR50]\]. The use of IV iron was prohibited. The study consisted of two parts: In part 1 (*n* = 41), four escalating dose cohorts (1.0, 1.50, 1.80, 2.0 mg/kg thrice weekly) were compared to epoetin alfa over a period of 6 weeks. The primary endpoint was the proportion of participants who showed no reduction of Hb level by 0.5 g/dl from baseline. In the pooled roxadustat ≥1.5 mg/kg cohort, 79% of participants achieved the primary endpoint, compared with 33% in the epoetin alfa control arm. In part 2, various titratable dose cohorts (weight and tiered based) were compared with epoetin alfa over 19 weeks. The primary endpoint was the proportion of participants able to maintain Hb levels ≥11 g/dl over the last 4 weeks of the study. The average roxadustat dose required to maintain Hb levels was \~1.7 mg/kg thrice weekly (range 0.5--3.4). Similar results were observed in another conversion study of 87 HD patients (mean Hb of 10.7 g/dl at baseline) maintained on epoetin alfa prior to study entry. Participants were randomized to receive either one of three weight-based dosing regimens---low (1.1--1.8 mg/kg), medium (1.5--2.3 mg/kg), and high (1.7--2.3 mg/kg)---of roxadustat or to continue epoetin alfa over 6 weeks. Of patients randomized with low-, medium- and high doses of roxadustat, 59.1%, 88.9%, and 100%, respectively, maintained Hb levels after 5 and 6 weeks, compared with 50% in the epoetin arm \[[@CR51]\].

In addition to Hb response and the effect on iron indices, the effects of roxadustat on total cholesterol levels have been explored in NDD-CKD and DD-CKD \[[@CR48], [@CR50], [@CR51]\]. Results from studies so far show a significant reduction in total cholesterol from baseline, with the greatest reductions seen in the highest baseline tertiles \[[@CR51]\]. In contrast, comparator groups, placebo, and epoetin alfa showed no significant change in cholesterol from baseline \[[@CR50], [@CR51]\].

On the whole, roxadustat was well tolerated, and adverse and serious adverse events seen in roxadustat studies were consistent with those seen in the dialysis population and similar to comparator groups. The only serious adverse event considered as possibly related to roxadustat was an episode of acute pancreatitis; however, both the sponsor and the independent data monitoring committee considered it unrelated because of a possible alternative cause \[[@CR50]\].

Roxadustat is the most advanced HIF stabilizer in development, with phase III trials underway. Preliminary results from two phase III trials in China have been reported by FibroGen in NDD-CKD and DD-CKD participants. In the NDD-CKD study, a double-blind, placebo-controlled 8-week portion of a 26-week study, 151 participants (mean Hb 8.9 g/dl at baseline) were randomized 2:1 to receive roxadustat (*n* = 101) or placebo (*n* = 50) \[[@CR52]\]. At 8 weeks, roxadustat-treated participants achieved a mean Hb increase of 1.9 g/dl from baseline, whereas the placebo arm achieved a mean change in Hb of −0.4 g/dl from baseline (*p* \< 0.00001). A significantly higher proportion of roxadustat patients achieved an Hb increase ≥1 g/dl from baseline after 8 weeks compared with placebo participants: 84.2% vs 0.0% (*p* \< 0.00001). In the DD-CKD study, 304 participants (HD and PD) previously maintained on epoetin alfa were randomized 2:1 to either roxadustat or epoeitin alfa for 26 weeks \[[@CR52]\]. Mean Hb levels were increased to a greater extent in patients receiving roxadustat, and the drug was noninferior to the epoetin alfa arm in maintaining Hb levels. If phase III trials of roxadustat are supportive, Fibrogen expects to submit a new drug application (NDA) to the FDA in 2018 \[[@CR53]\].

As of this writing, there have been no reported studies of roxadustat in pediatric participants. However, a pediatric investigation plan (PIP) has been agreed to by Astellas and the European Medicines Agency (EMA), with a deadline to complete studies by 2021 (Table [2](#Tab2){ref-type="table"}) \[[@CR54]\].Table 2Roxadustat (FG-4592/ASP1517) pediatric investigation plan (PIP)Roxadustat (FG-4592 /ASP1517), (EMEA-001557-PIP01-13) decision: 30 January 2015Subset of pediatric population concerned6 months to 18 yearsQuality related studies1. Development of lower strength of the film-coated tablet not containing azo dyesNon-clinical studies2. Definitive juvenile toxicity studyClinical studies3. Open label, randomized, 3-way, cross-over study to evaluate the relative bioavailability, PK, food effect, and palatability of the pediatric formulation versus adult tablet.\
4. Open-label, randomized, age-group-adjusted starting dose, active-controlled trial to evaluate PK/PD, safety and efficacy of roxadustat compared with recombinant human EPO or its analogs in ESA-naïve children from 6 months to \<18 years with anemia due to CKD stages 3, 4, and 5.\
5. Open-label, randomized, age-group-adjusted starting dose, active-controlled trial to evaluate PK/PD, safety, and efficacy of roxadustat compared with recombinant human EPO or its analogs in children from 6 months to \<18 years with anemia due to CKD stages 3, 4, and 5 on stable ESA treatment.Studies to be completed by2021*PK* pharmacokinetics,*PD* pharmacodynamics,*EPO* erythropoietin,*ESA* erythropoiesis-stimulating agent,*CKD* chronic kidney disease

Vadadustat {#Sec8}
----------

Vadadustat, also known as AKB-6548, is being developed by Akebia Therapeutics and Otsuka Pharmaceuticals \[[@CR55]\]. Following oral administration with vadadustat, eEPO levels returned to baseline within 24 h, similar to the expected physiological diurnal response \[[@CR56]\].

In a phase IIa, double-blind, placebo-controlled trial, NDD-CKD (*n* = 93) participants were randomized to receive escalating doses (240, 370, 500, 630 mg) of vadadustat or placebo orally once daily for 6 weeks \[[@CR56]\]. All participants received 50 mg orally of iron daily or were able to continue IV regimens if the dose did not exceed 250 mg. Vadadustat significantly increased Hb levels in a dose-dependent manner across all doses compared with placebo; 78% of participants in the 630-mg arm achieved an Hb response ≥1 g/dl at 6 weeks. In addition, iron indices were manipulated to promote erythropoiesis in a dose-dependent manner, with decreased hepcidin and ferritin and increased total-iron-binding capacity (TIBC).

In a subsequent phase IIb, double-blind, placebo-controlled trial, 210 NDD-CKD stage tjhree to five participants were randomized 2:1 into three cohorts to receive a titratable dose of vadadustat (initial dose 450 mg) or placebo once daily for 20 weeks \[[@CR57]\]. The three cohorts were based on Hb level and ESA treatment status at screening: cohort 1 were ESA naïve (Hb ≤10.5 g/dl); cohort 2 were previously treated with an ESA (Hb ≤10.5 g/dl), and cohort 3 were actively treated with ESA (Hb ≥9.5 to ≤12.0 g/dl). Participants were iron replete at baseline, and approximately half received supplementation orally at baseline. Iron supplementation orally was allowed in order to maintain ferritin levels between 50 and 300 ng/ml; however, if participants were intolerant, then IV supplementation was permitted. At the end of the 20 weeks, more vadadustat-treated participants achieved the primary endpoint (mean Hb level ≥ 11.0 g/dl or an increase in Hb ≥1.2 g/dl above baseline) compared with placebo (53.9% vs 10.3%, *p* \< 0.001). In a post-hoc analysis, vadadustat dose requirement for correction and maintenance of Hb was independent of ESA dose at baseline and systemic inflammation (as assessed by CRP).

Comparable results were seen in a 16-week conversion study in 94 HD participants (Hb 9--12 g/dl) maintained on ESA therapy prior to study entry. Participants were iron replete at baseline, and IV iron was permitted. Participants were randomized from an ESA to 300 mg once daily, 450 mg once daily, or 450 mg thrice weekly. Mean change in Hb level within each cohort remained stable throughout the study (e.g., baseline to week 16 ranged from −0.02 to −0.04 g/dl) \[[@CR57]\].

In contrast to roxadustat phase II studies, vadadustat administration has not been associated with a change in total cholesterol \[[@CR56], [@CR57]\]. In phase II studies, it was well tolerated, and adverse events were similar to the active comparator groups and typical of the CKD population.

Vadadustat is undergoing four phase III trials. These consist of a two-study program in both NDD- and DD-CKD participants, termed PRO~2~TECT (*n* = \~3100) and INNO~2~VATE (*n* = \~2600). These are global studies with a noninferiority design and include anemia correction and conversion studies, with the active comparator being darbepoetin alfa. A PIP has been agreed to by the EMA, with a deadline to complete studies by 2024 (Table [3](#Tab3){ref-type="table"}) \[[@CR58]\].Table 3Vadadustat (AKB-6548) pediatric investigation plan (PIP)Vadadustat (AKB-6548), (EMEA-001944-PIP01-16) decision: 31 January 2017Subset of pediatric population concerned4 months--18 yearsQuality-related studies1. Development of an age-appropriate oral dosage formNon-clinical studies2. Dose range-finding study in juvenile dogs\
3. Definitive toxicity study in juvenile dogsClinical studies4. Open-label, single-arm, externally controlled trial to evaluate the activity, safety, tolerability, PK, and PD of vadadustat orally to correct anemia in children from 4 months to \<18 years of age with anemia secondary to chronic kidney disease (CKD).\
5. Open-label, single-arm, externally controlled trial to evaluate activity, safety, tolerability, PK, and PD of vadadustat orally for maintenance treatment of anemia in children from 4 months to \<18 years of age with anemia secondary to CKD receiving ESA treatment\
6. Medical record review study to assess activity and safety of ESA treatment to maintain Hb levels in children from 4 months to \<18 years of age with anemia secondary to CKD receiving ESA treatment.Extrapolation, modeling, and simulation studies7. Modeling and simulation study to develop PK/PD simulations to predict exposure and selection of doses for use in children from 4 months to \<18 years of age with anemia secondary to CKD naïve to ESA treatment or receiving ESA treatment.Studies to be completed by2024*PK* pharmacokinetics ,*PD* pharmacodynamics,*ESA* erythropoiesis-stimulating agent,*CKD* chronic kidney disease

Daprodustat {#Sec9}
-----------

Daprodustat, also known as GSK1278863, is being developed by GlaxoSmithKline. In a 28-day, double-blind, phase IIa study, NDD-CKD stage 3--5 participants (*n* = 73) were randomized to receive fixed daprodustat doses 0.5 mg, 2 mg, and 5 mg once daily or placebo \[[@CR59]\]. Mean Hb at baseline ranged from 9.74 to 10.08 g/dl, and participants were iron replete. Although iron orally was allowed, IV iron was not permitted. Daprodustat demonstrated a dose-dependent increase in Hb, and the 5-mg arm resulted in a mean increase of 1 g/dl at week 4. Moreover, daprodustat produced a dose-dependent decrease in hepcidin concentrations, and the 5-mg arm saw a decrease in ferritin levels with an increase in transferrin levels and TIBC. In a parallel phase IIa conversion study, 83 HD participants maintained on stable doses of rhEPO were randomized to receive the same doses of daprodustat as the prior study or to continue rhEPO \[[@CR59]\]. Only the 5-mg arm of daprodustat could maintain Hb levels similarly to rhEPO, whereas the lower-dose arms saw a reduction of Hb levels at 4 weeks. In addition, hepcidin levels increased in the 0.5- and 2-mg arms, stayed the same in the 5-mg arm, and decreased in the rhEPO arm at 4 weeks. Although there was a small trend of increasing TIBC and decreasing ferritin, other iron parameters were variable and did not show a clear trend.

In a 24-week, phase IIb study, daprodustat was studied in two parts in HD participants (*n* = 216) previously maintained (mean Hb 10.4 g/dl) on stable doses of rhEPO \[[@CR59]\]. In part 1, participants were randomized to receive fixed escalating doses of daprodustat at 4, 6, 8, 10, or 12 mg or placebo once daily for 4 weeks. In part 2, after 4 weeks, doses could be titrated, and the placebo group was switched back to rhEPO, with both groups targeting an Hb of 10--11.5 g/dl for the last 20 weeks of the study. At 4 weeks, daprodustat produced dose-dependent mean changes in Hb (g/dl) from baseline (placebo −0.72; 4 mg −0.29; 6 mg 0.18; 8 mg 0.40; 10 mg 0.69; 12 mg 0.69). In part 2, at 24 weeks, mean change in Hb in the rhEPO arm and combined daprodustat group were, −0.11 vs 0.03 g/dl, respectively. In the combined daprodustat group, mean hepcidin, ferritin, and TSAT decreased, while TIBC increased compared with baseline (unpublished results) \[[@CR60]\].

Similar to studies in roxadustat, Holdstock et al. reported modest decreases in total cholesterol with daprodustat in NDD- and DD-CKD participants. In the studies overall, daprodustat was well tolerated and safe. Phase III studies are recruiting and will include two large studies in NDD- and DD-CKD participants, termed ASCEND-ND (*n* = \~4500) and ASCEND-D (*n* = 3000) \[[@CR61]\]. A PIP has been agreed to by EMA, with a deadline to complete studies by 2027 (Table [4](#Tab4){ref-type="table"}) \[[@CR62]\].Table 4Daprodustat (GSK1278863) pediatric investigation plan (PIP)Daprodustat (GSK1278863), (EMEA-001452-PIP01-13) decision: 6 August 2014Subset of pediatric population concerned1--18 yearsQuality-related studies1. Development of an oral solution or oral suspensionNon-clinical studies2. Dose range-finding study in juvenile rats\
3. Definitive toxicity study in juvenile ratsClinical studies4. Relative bioavailability study of oral solution or oral suspension in adults\
5. Open-label, single-arm, sequential cohort trial to evaluate pharmacokinetics and safety of GSK1278863 in children from 1 to \<18 years undergoing dialysis\
6. Open-label, single-arm, sequential cohort trial to evaluate pharmacokinetics and safety of GSK1278863 in children from 1 to \<18 years who are not undergoing dialysis\
7. Open-label, randomized, dose-titration, active controlled trial to evaluate efficacy and safety of GSK1278863 in children from 1 to \<18 years with anemia undergoing dialysis\
8. Open-label, randomized, dose-titration, active controlled trial to evaluate efficacy and safety of GSK1278863 in children from 1 to \<18 years with anemia who are not undergoing dialysisStudies to be completed by2027

Molidustat {#Sec10}
----------

Molidustat, also known as BAY 85--3934 is being developed by Bayer, who have completed five phase II trials, the results of which two NDD-CKD trials are currently known.

In a 16-week, double-blind, placebo-controlled study, ESA-naïve NDD-CKD (stages 3--5) participants (*n* = 121) were randomized equally to receive five fixed dosages of molidustat: 25 mg once daily, 50 mg once daily, 75 mg once daily, 25 mg twice daily, 50 mg twice daily, or placebo \[[@CR63]\]. Baseline iron status was adequate (TSAT ≥20% or ferritin level ≥ 100 μg/L), and mean Hb level at baseline was 9.5 g/dl. Molidustat increased Hb levels in a dose-dependent manner by at ≥1.14 g/dl from baseline, whereas on placebo, Hb remained stable. Additionally, in a 16-week, active comparator, phase IIb study, NDD-CKD (stages 3--5) participants (*n* = 124) previously maintained on darbepoetin were randomized to titratable dosages of molidustat (starting doses 25, 50, 75 mg) or to continue darbepoetin \[[@CR64]\]. Molidustat successfully maintained Hb levels within the target range after switching from darbepoetin treatment. Neither of the two studies commented on the effect of molidustat on iron metabolism or inflammatory markers.

In these two studies, molidustat was generally well tolerated, and the rates of adverse events were similar. Details of plans for phase III trials have not yet been made public. A PIP has been agreed to by the EMA (Table [5](#Tab5){ref-type="table"}) \[[@CR65]\].Table 5Molidustat (BAY 85-3934) pediatric investigation plan (PIP)Molidustat (BAY 85--3934), (EMEA-001546-PIP01-13) decision: 27 October 2014Subset of pediatric population concerned6 months--18 yearsQuality-related studies1. Development of age-appropriate oral dosage form\
2. Development of age-appropriate tablet strengthsNon-clinical studiesN/AClinical studies1. Relative bioavailability and food-effect study in healthy adults\
2. Open-label, randomized, active-controlled, noninferiority trial to evaluate efficacy, safety, and pharmacokinetics of molidustat compared with standard of care in ESA-naïve children from 6 months to \<18 years with renal anemia (correction study)\
3. Open-label, randomized, active-controlled, noninferiority trial to evaluate efficacy, safety, and pharmacokinetics of molidustat compared with standard of care in children from 6 months to \<18 years with renal anemia on stable ESA treatment (maintenance study)\
4. Open-label, follow-up trial to evaluate safety of molidustat in children who participated in the correction and maintenance studiesExtrapolation, modeling, and simulation studies5. Modeling study to evaluate pharmacokinetic properties of molidustat in children from 6 months to \<18 yearsStudies to be completed by2024

Discussion {#Sec11}
==========

Short-term phase II data show that HIF stabilizers can correct renal anemia and maintain Hb concentration with once-daily to thrice-weekly dosing in both NDD-CKD and DD-CKD patients.

There are multiple potential advantages of HIF stabilizers over current treatment. First, oral administration is attractive when considering compliance and convenience, particularly in PD and NDD-CKD patients. Moreover, the avoidance of pain and discomfort associated with injections is particularly relevant for pediatric patients in whom subcutaneous, longer-acting ESA, darbepoetin, has been associated with significantly greater pain perception compared with short-acting ESA, epoetin beta \[[@CR66]\]. Second, HIF stabilizers are less expensive to produce than ESAs for several reasons, with the manufacturing process relying on synthetic chemistry rather than recombinant DNA technology. There is also a reduced need for sterile manufacturing conditions and no need for cold-chain transport due to stability at room temperature. In addition, the absence of a protein structure also removes concerns regarding immunogenicity, a problem seen in post-approval epidemiological studies of ESAs \[[@CR67]\]. Third, phase II data provide evidence that HIF stabilization increases iron availability for erythropoiesis, with HIF stabilizers being effective independent of iron repletion status, inflammation status, and route of exogenous iron delivery. The clinical consequences of this may preclude the need for iron supplementation in certain patients, at least in the short term, and reduce the need for IV iron, with potential safety concerns. Finally, other possible class benefits are being explored, particularly outcomes such as lipids and blood pressure. With the former, both daprodustat and roxadustat, but not vadadustat, have been shown to reduce lipids, with no published data on molidustat. There is very limited evidence to support any role in reducing blood pressure, although this will be explored in phase III trials \[[@CR68]\].

The pleiotropic effects of the HIF pathway, however, do raise some potential concerns regarding safety, which will be addressed in the phase III trials. To understand the possible long-term consequences of the pharmacological inhibition of PHDs, one can observe pathological problems of conditions resulting from genetic mutations, high-altitude sojourners and natives, and in vitro and in vivo studies. Individuals with Chuvash polycythemia, with homozygous *VHL* mutations, for example, develop pulmonary hypertension, as do individuals with activating mutations of *HIF2A* \[[@CR69], [@CR70]\]. In a small, 5-day study of healthy volunteers, daprodustat was not associated with any significant rise in pulmonary artery systolic pressure measured by echocardiography \[[@CR71]\]. The theoretical association of HIF stabilizers and tumor growth is highly complex due to the differential role of PHD and HIF isoforms, depending on tumor type. Potential upregulation of the vascular endothelial growth factor (*VEGF*) gene as a result of HIF stabilization could adversely impact tumor growth and accelerate proliferative retinopathy in diabetics. Phase II studies in vadadustat and daprodustat have not demonstrated any significant change in VEGF, and in a VEGF-sensitive model of spontaneous breast cancer, roxadustat was not associated with tumor initiation, progression, or metastases \[[@CR68], [@CR72]\].

A potential concern of HIF prolyl-hydroxylase inhibition of particular relevance to the pediatric population is its effect on bone and cartilage growth, as the HIF pathway is essential for normal endochondral growth-plate development. Conditional deletion of HIF-1α in murine fetal chondrocytes leads to marked shortening of limbs and massive cell death in the inner zone of the developing growth plate. In contrast to EPO induction, HIF-1α rather than HIF-2α, is critical for growth-plate development \[[@CR73]\]. Focusing on secondary ossification, conditional deletion of PHD2 in murine chondrocytes promotes HIF-1α signaling, accelerating chondrocyte differentiation and endochondral bone formation \[[@CR74]\]. It would be difficult to extrapolate any of these findings to different age groups within pediatric CKD given the already prevalent growth failure and the likely dose- and duration-dependent effects of PHD inhibitors \[[@CR75]\].

As shown in Table [1](#Tab1){ref-type="table"}, there are robust and comprehensive phase III programs planned and underway for roxadustat, vadadustat, and daprodustat, the design of which include placebo and active treatment comparisons, in both ND-CKD and DD-CKD patient populations. In addition, sample sizes of thousands of patients will have the statistical power to evaluate hard endpoints, such as all-cause mortality and cardiovascular events, with event-driven trials lasting for several years. Post-approval pharmacovigilance initiatives will be required to address the theoretical concerns of cancer incidence and late serious adverse reactions, which may appear over time and in more diverse patient groups. The latter includes patients with chronic allograft nephropathy, who have been excluded from phase III studies and are already subject to an increased risk of malignancy as a result of long-term immunosuppression \[[@CR76]--[@CR78]\].

If phase III trials are successful in establishing the safety and efficacy of the various HIF stabilizers, roxadustat will become the first HIF stabilizer to become licensed for use in adults by 2018, closely followed by vadadustat and daprodustat. The extrapolation of adult data and usage of adult formulations toward off-label and unlicensed pediatric prescribing carries risks serious adverse events in the pediatric population. Furthermore, EU regulation has mandated pediatric studies to acquire marketing authorization for HIF stabilizers in adults, which have been proposed in pediatric investigation plans (Tables [2](#Tab2){ref-type="table"}--[5](#Tab5){ref-type="table"}). Astellas (roxadustat), Akebia (vadadustat), GlaxoSmithKline (daprodustat), and Bayer (molidustat) have all deferred pediatric studies until phase III trials have been completed, which will allow changes to be made to the design of proposed studies, if needed. There is a variety of reasons why trials in pediatric CKD patients may differ from adults. The causes of renal disease in the pediatric setting are very different from in the adult population, being largely due to congenital anomalies of the kidney and urinary tract (CAKUT), glomerulonephritis, and hereditary nephropathies; in adults, there is a huge incidence of diabetes and hypertension causing nephropathy. In addition, atherosclerotic heart disease, acute myocardial infarction, and stroke are common in adults but are uncommon in pediatric CKD \[[@CR21], [@CR72]\]. Thus, using these events as part of a trial's primary endpoint is likely to be both inappropriate and futile.

The pediatric investigation plans have dictated the development of new pediatric formulations, juvenile animal toxicity studies, pharmacodynamic and pharmacokinetic studies in children, and clinical active-comparator studies assessing efficacy and safety in pediatric CKD patients aged 4 months to 18 years. The timeline of these studies gives the pediatric nephrologist some indication into the potentially wider use of these therapies, which will offer more choice in treating anemia in CKD. A likely limitation of these studies will be their short study durations, which may be compounded by high attrition rates contributed to by a high rate of transplantation in the pediatric CKD population, which would limit the collection of long-term data on effects upon growth and development.
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